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Introduction
Cutaneous T-cell lymphomas (CTCL) are a heterogeneous group of extranodal non-Hodgkin's lymphomas that are characterized by an initial accumulation of malignant T cells in the skin. 1 Mycosis fungoides and Sézary syndrome are the most frequently encountered forms of CTCL. The survival and treatment of patients with mycosis fungoides or Sézary syndrome depends mainly on the stage of the disease at diagnosis. However, at present no curative treatment for CTCL is available, and the aim of therapy is to maintain a long-term complete remission and preserve quality of life.
In a previous study we identified a set of genes and pathways associated with resistance to psoralen plus ultraviolet A (PUVA) radiation with or without interferon-α therapy in patients with mycosis fungoides.
2 Using Connectivity Map, 3 which combines the resistance gene expression signature with a database of expression profiles of bioactive small molecules, we identified several molecules as agents potentially able to reverse resistance to PUVA with or without interferon-α therapy. These molecules included a protein kinase C (PKC) inhibitor, H-7; heat shock protein 90 (HSP90) inhibitors, geldanamycin and tanespimycin (17-allylamino-geldanamycin 17-AAG); histone deacetylase (HDAC) inhibitors, vorinostat and scriptaid; a cyclin-dependent kinase 2 (CDK2) inhibitor, GW-8510; cyclosporines and anti-bacterial and anti-protozoal agents (Online Supplementary Table S1 ).
HDAC inhibitors are relatively new anti-cancer drugs showing efficacy in a wide range of both hematologic and solid cancers. 4, 5 Vorinostat (suberoylanilide hydroxamic acid -SAHA, Zolinza TM ) is a pan-HDAC inhibitor which inhibits the enzymatic activity of histone deacetylases resulting in the accumulation of acetylated histones and non-histone proteins. Vorinostat causes caspase-dependent apoptotic cell death, caspase-independent autophagic cell death and cell cycle arrest of a wide variety of transformed cells. 6 Modulated expression of 2-10% of genes in malignant cells has been described. 7, 8 CDKN1A (P21, WAF1/CIP1) is a gene commonly induced following vorinostat treatment and could be related to the arrest in G1 phase of the cell cycle, 8 while the cyclin D1, ERBB2 and thymidylate synthase genes are among those repressed following vorinostat treatment. 9 Other targets of vorinostat include transcription factors (MyoD, E2F-1, Smad 7, TF11E and GATA1), tumor suppressors (p53, Rb), chaperone protein (Hsp90) as well as factors involved in cell motility (α-tubulin), apoptosis (Bcl-2 family), angiogenesis (HIF-1α) and reactive oxygen species (thioredoxin). [6] [7] [8] 10 Such a multiplicity of targets could partly explain the efficacy of vorinostat as an anticancer agent. However, the exact mechanism, the kinetics of gene expression and players involved in resistance to this drug are still unknown.
Clinical trials in patients with refractory CTCL demonstrated an objective overall response of 30% 11 following vorinostat treatment. Subsequently, vorinostat was approved by the USA Food and Drug Administration for the treatment of CTCL. Presently, vorinostat is being investigated in clinical trials both as monotherapy and in combination with various anticancer drugs. Vorinostat has been reported to have synergistic or additive effects when used with several anticancer agents, including anthracyclines, fludarabine, flavopiridol, imatinib, bortezomib, isotretinoin, antiangiogenic agents and TNFS10. 12 At the time of writing, there are 137 registered clinical trials involving this drug (www.cancer.gov). In 41 trials vorinostat is used as a monotherapy, while in as many as 96 clinical trials, vorinostat is used in combination with other therapies. The shift from monotherapy to combination therapy in clinical trials is heralding future applications of specific HDAC inhibitors. However, in order to exploit combination drug therapies fully, precise information is needed on the mechanism of action of the drugs and on the times at which expression of particular genes is altered.
Stimulation of the T-cell antigen receptor (TCR) induces activation of multiple protein tyrosine kinases, resulting in phosphorylation of multiple intracellular substrates, including TCRξ and CD3 chains, zeta chain associated protein 70 (ZAP70), and phospholipase C-g1. 13 These early biochemical events are an obligatory step in TCR signal transduction. CTCL cells show a considerable degree of Tcell activation, as characterized by the increased expression of HLA-DR, interleukin-2 receptor-α (CD25) and transferrin receptor.
14 Activated malignant T cells have the ability to switch on the production of signaling molecules and cytokines. Hence, the progression of mycosis fungoides is accompanied by a shift in cytokine profile from Th1 to Th2. 15 In this study, we investigated the alterations in gene expression profile, acetylation, proliferation and cell death over time in five CTCL cell lines after vorinostat treatment. Additionally, in this preclinical study we evaluated the combined effect of vorinostat with phosphoinositide 3 kinase (PI3K), PIM and HSP90 inhibitors in CTCL.
Design and Methods

Tissue culture and reagents
Human CTCL cell lines and culture conditions are described in the Online Supplementary Design and Methods. Vorinostat was provided by Merck (Boston, Massachusetts), LY294002 was purchased from Calbiochem (La Jolla, CA, USA) and 17-AAG was obtained from Sigma (St Louis, MO, USA). ETP-45628 and ETP-39010 were developed by the Experimental Therapeutics Program at CNIO (Madrid, Spain).
Viability, apoptosis, and cell cycle
Cell viability was measured using a CellTiter-Glo luminescent cell viability assay (Promega, Madison, WI, USA) following the manufacturer's instructions. The flow cytometry analysis of cell cycle and apoptosis are described in the Online Supplementary Design and Methods.
Western blotting
Histone acetylation and phospohorylation were studied by western blotting, as described more extensively in the Online Supplementary Design and Methods.
Oligonucleotide microarray analysis of gene expression
The transcriptional profile of vorinostat was characterized by oligonucleotide microarray analysis of CTCL cells treated with vorinostat (5 μM for 0-24 h), using the human Agilent microarray (Agilent Technologies, Inc., Santa Clara, CA, USA). Total RNA extraction and purification, amplification, labeling, hybridization to Agilent 44K Human Whole Genome microarrays and scanning of image output files were performed according to the manufacturer's instructions. The data were normalized with the use of Feature Extraction (v.9.0) haematologica | 2010; 95(4) © F e r r a t a S t o r t i F o u n d a t i o n software. Assignment of genes to temporal expression profiles was conducted using the Short Time Series Expression Miner (STEM). 16 The significant genes were annotated and classified using FatiGO+ 17 and Ingenuity Pathway Analysis software v.6.3 (Ingenuity Systems, Inc., Redwood City, CA, USA). Molecules (drugs) that could reverse the gene expression signatures associated with poor prognosis and drug resistance were identified using Connectivity Map. 
Statistical analysis
Group comparisons of parametric data were performed using Student's t-test. Statistical analyses were carried out with the SPSS software package, version 13.0. The mean inhibitory concentration 50% (IC50) of drugs was calculated using GraphPad Prism software. The combination index (CI) method described by Chou and Talalay (CalcuSyn software, Biosoft) was used to determine whether the effect of drug combinations were synergistic, additive, or antagonistic. Synergy, additivity, and antagonism were defined by a CI less than one, a CI of one and a CI greater than one, respectively.
Further details of the experimental procedures and statistical analysis are provided in the Online Supplementary Design and Methods.
Results
Vorinostat induces cell death, cell cycle arrest and accumulation of acetylated histones in cutaneous T-cell lymphoma cells
The inhibitory effect of vorinostat on the viability of CTCL cell lines was examined through a CellTiter-Glo assay using various concentrations of vorinostat (0.01, 0.05, 0.15, 0.5, 1.25, 4, 10, 35, and 100 μM) for 72 h. All CTCL cell lines were sensitive to the investigated HDAC inhibitor. The inhibitory effect of vorinostat was reflected as a dose-dependent reduction in cell proliferation/viability. The IC50 of proliferation was determined at 0.146 μM in HH cells, at 2.062 μM in HuT78 cells, at 2.697 μM in MJ cells, at 1.375 μM in MylA and at 1.510 μM in SeAx cells (Table 1) .
In addition, we investigated whether the observed sensitization effect was related to the increase in apoptosis. To study this aspect of vorinostat treatment, HH, HuT78, MJ, Myla and SeAx cells were treated with various doses of vorinostat. Apoptosis was detected after 24 -48 h through annexin V and propidium iodide staining. Time-and dosedependent increases in the populations of apoptotic cells were observed in all the cell lines (Online Supplementary Figure S1A ). HH cells were most responsive to vorinostat, with the percentage apoptosis being 18±3.9% already after 24 h and 44±1.6% after 48 h. HuT78 cells were less sensitive to vorinostat with percentage apoptotic death being 3.4±1.3% and 17±3.9% at 24 h and 48 h, respectively. The percentage death among MJ, Myla and SeAx cell lines was approximately 26% after 48 h.
We also investigated the effect of vorinostat on cell cycle progression in CTCL cell lines by treating the cells with vorinostat or vehicle alone (dimethylsulfoxide, DMSO) for 24 h and 48 h and analyzing the cell cycle distribution by flow cytometry. The percentage of cells in the S phase decreased in MJ and SeAx cells compared with that in control cells. G2/M cell cycle arrest was induced in HuT78 cells, while a G0/G1 phase arrest was detected in Myla, MJ and SeAx cells (Online Supplementary Figure S1B) .
The effect of vorinostat on histone acetylation status in human CTCL cell lines was determined by western blot analysis. CTCL cells were exposed to 5 μM of vorinostat for 0, 0.5, 1, 2, 4, 8, 12 and 24 h. As shown in Online Supplementary Figure S2 , all four core nucleosomal histones (H2A, H2B, H3, and H4) become hyperacetylated following culture in the presence of vorinostat when compared to culture with the DMSO control. These effects were visible after exposure of 0.5 h (Myla) and showed a time-dependent increase.
Transcriptional profile following vorinostat treatment
Based on flow cytometry data, the CTCL cells were cultured in the presence of vorinostat for 24 h. Gene expression data were obtained from two independent microarray hybridizations at various time points. Data were then analyzed using STEM and genes that were significantly up-or down-regulated (false discovery rate, FDR<0.05) were analyzed further. The number of genes altered increased progressively during the 24 h of treatment ( Figure 1A -B). Around 20% of genes on the array were significantly activated or repressed in response to vorinostat. The number of genes that were modulated in response to treatment increased from 318 (HH), 424 (HuT78), 528 (MJ), 301 (Myla) and 155 (SeAx) at 4 h to 3512 (HH), 2379 (HuT78), 3081 (MJ), 2022 (Myla) and 3275 (SeAx) at 24 h.
The functional analysis of genes that were up-or downregulated in response to vorinostat treatment revealed pathways that have previously been identified as being altered by the drug, including cell proliferation, apoptosis and cell cycle, as well as new pathways that have not been reported previously but could contribute crucially to the understanding of the mechanism of action of this HDAC inhibitor (Online Supplementary Table S2) .
Consistent with previous findings by Ruefli et al. Figure S3) .
Additionally, significant changes after vorinostat treatment were observed in members of the JAK/STAT pathway, cytokine-cytokine receptor interactions and expression of the members of tumor necrosis factor (TNF) receptor superfamily. Vorinostat also produced significant alterations in the network of interleukins (IL) and their receptors; it inhibited expression of IL4, IL5, IL10, IL11, IL13,  IL15A, IL19, IL21, IL29, IL2RB, IL4R, IL6R, IL10RA, IL15RA;  and enhanced expression of IL1A, IL6, IL9, IL12A, IL15,  IL22, IL23A, IL24, IL1RAP, IL3RA . Interestingly, many of the repressed interleukins are known to enhance cell growth, proliferation and promote Th2 responses, which are a hallmark of CTCL pathogenesis. Furthermore, we found that the expression profile of a set of chemokines and their receptors was also shifted by vorinostat treatment. The down-regulated set included genes related to Tcell migration and chemotaxis, such as CCL1, CCL22, CCL26, CCL28, CXCL10, CXCL13, CXCL16, CCRA, CCR4, CCR6, CXCR3 and CXCR4, whereas the genes haematologica | 2010; 95(4) Figure 1C) . TCR signaling has been found to be associated with resistance to PUVA with or without interferon-α therapy, 2 which could explain why vorinostat sensitizes patients resistant to this therapy.
Validation of expression profiles of selected genes by quantitative real-time polymerase chain reaction
To verify changes in gene expression detected by our microarray analysis, we performed quantitative real-time polymerase chain reaction (PCR) analysis on eight genes belonging to the TCR pathway, whose expression profiles were altered by vorinostat in at least two cell lines. These genes were ZAP70, STAT3, FYN, IFNGR1, CD3G, LAT, IL4R and CD3E. As shown in Online Supplementary Figure  S4A -H there was a strong correlation between the microarray and real-time PCR data for all eight genes.
Vorinostat decreases T-cell receptor activation through inhibition of kinase phosphorylation
Considering the critical role of ZAP70 in transmitting signals from the TCR signaling complex, we examined the ability of vorinostat to inhibit tyrosine phosphorylation in two of the CTCL cell lines. Cells from two representative cell lines, HuT78 (Sézary syndrome) and Myla (mycosis fungoides), were treated with vorinostat for 0.5, 1, 6 and 24 h at the concentrations of 5 and 25 μM. Phosphorylation of Tyr319 and Tyr493 within the activation loop results in enzymatic activation of ZAP70. 20 A decrease in phosphorylation of ZAP70 at Tyr493 after vorinostat treatment was observed in HuT78 cells after 0.5 h (25 μM (Figure 2A) . In both cases the inhibition of tyrosine phosphorylation was time-and concentration-dependent. Meanwhile, vorinostat modestly decreased total cellular level of ZAP70.
Tyrosine phosphorylation of ZAP70 correlates well with its increased kinase activity and downstream signaling events. To extend our understanding of the potential impact of vorinostat on T-cell signaling we evaluated the downstream effector molecules. The PI3K/AKT pathway has been shown to be implicated in signal transmission leading to the activation, differentiation and survival of Tlymphocytes. 21 In HuT78 cells the activating phosphorylation of AKT within the carboxy terminus at Ser473 was decreased already after 0.5 h of exposure to 25 μM of vorinostat and was further reduced at 1, 6 and 24 h. In the Myla cell line a slight reduction in AKT (Ser473) phosphorylation was observed after exposure to vorinostat for 1 h, followed by a significant reduction after 24 h. Vorinostat also decreased the total AKT levels in a dose-dependent manner ( Figure 2B ).
Combinations of vorinostat with phosphoinositide 3 kinase, PIM and heat shock protein 90 inhibitors
Vorinostat, being a multi-HDAC inhibitor, could be suitable for use in combination therapy with other anti-neoplastic agents. As candidates for combination therapy we selected PI3K inhibitors (LY294002, ETP-45658), a PIM kinase family inhibitor (ETP-39010) and a HSP90 inhibitor (17-AAG). These inhibitors were chosen following an analysis of the genes targeted by vorinostat or Connectivity Map data. GSK-3β (a PI3K substrate) and PIM1/PIM2 were up-regulated after vorinostat treatment ( Figure 3A ). HSP90 (a target of 17-AAG) was down-regulated, but was included in this analysis since it had the best score in the Connectivity Map analysis.
The sensitivity of CTCL cells to exposure for 72 h to each of the compounds individually or in combination was determined by a Luminescent Cell Viability Assay. (Table 1) .
To study possible synergy between vorinostat and other drugs, approximately equipotent concentrations of each drug were used. Values of the combination index (CI) were calculated using CalcuSyn software with a formula initially proposed by Chou and Talalay. The drugs were used in constant ratios to determine the effectiveness of the combinations. When at least 80% of CI values for a combination in all cell lines were less than one, the drug combination was considered to be synergistic. Similarly, if more than 80% of the CI values were higher than one the drug was considered antagonistic. Otherwise, the drug was considered to have an additive effect with a synergistic or antagonistic tendency.
Combined treatment of vorinostat with LY294002 demonstrated moderate to strong synergy, usually with the best CI values for IC50 concentrations and above for all CTCL cell lines, with synergy being strongest in the SeAx cell line. Co-administration of vorinostat with the more potent and selective PI3K inhibitor ETP-45658 also showed clear synergism at the concentration of 0.5 times the IC50 and above ( Figure 3B ). Concomitant as well as sequential addition (addition of the drug after 24 h pretreatment with vorinostat) of a PIM inhibitor (ETP-39010) resulted in additive to synergistic effects in HuT78 and SeAx Sézary syndrome cell lines, an additive to antagonistic effect in Myla cells and varying results in HH and MJ cell lines ( Figure 3C ). Clear antagonism was observed when vorinostat was concomitantly administered with 17-AAG, an inhibitor of HSP90 ( Figure 3D ). The results of combination therapy seemed to be conversely related to the expression changes Vorinostat in cutaneous T-cell lymphoma haematologica | 2010; 95 (4) 617
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of the targets of inhibitors used following treatment with vorinostat. In summary, a synergistic/additive effect of combination therapy was demonstrated for the compounds targeting genes whose expression was up-regulated by vorinostat.
Discussion
Recent reports have highlighted the pre-clinical activity of HDAC inhibitors in human leukemia and lymphoma cells, as well as the promising results of vorinostat in a substantial proportion of patients with advanced CTCL (response rate of around 30%), 11 leading to the approval of this drug by the USA Food and Drug Administration. The focus on the therapeutic use of vorinostat is currently its application in combination therapies, reflected by numerous ongoing clinical trials. However, the mechanism of action of vorinostat, essential for efficient use of the drug alone or in combination, has not been fully clarified. A likely model for the anti-tumor action of vorinostat is inhibition of HDAC activity and subsequent accumulation of acetylated nucleosomal histones, leading to the alteration of genes involved in the regulation of differentiation, apoptosis and tumor growth. 23 The present study showed that vorinostat, at the concentration of 5 μM, induces apoptosis of CTCL cells through several different but non-exclusive mechanisms.
In CTCL the balance between cell proliferation and cell death is altered, contributing to a clonal expansion of cancer cells. Zhang et al. 24 investigated the expression of apoptosis regulators in CTCL cells reporting a shift of the equilibrium between inducers and inhibitors in favor of the apoptosis inhibitors. BCL2L1 (BCL-xL), MCL1, BAD and BAX, but not BCL-x, were found to be expressed in CTCL and could be sufficient for survival of malignant CTCL cells. Like Rosato et al., 25 we observed decreases in the expression of BCL2L1, MCL1, BCL2, BID which may be related to the enhanced sensitivity to apoptosis occurring after treatment with vorinostat. Moreover, our data revealed alterations in both the intrinsic pathway of apoptosis (CASP9, CASP7, APAF1) and the extrinsic pathway (FAS, BID, cFLAR) following treatment with vorinostat. As previously observed in leukemic cells, 7, 18 we noted activation of the intrinsic apoptotic pathway through up-regulation of CASP9 and a key downstream effector of the pathway -APAF1. Furthermore, we identified decreases in the expression of important members of the extrinsic apoptosis pathway, such as FAS, BID, and cFLAR (CASP8), following treatment with vorinostat. The extrinsic apoptotic pathway, either alone or together with the intrinsic pathway, has been previously described to be altered upon haematologica | 2010; 95(4) 
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treatment with HDAC inhibitors in other types of cancer, including leukemias, 25 and head and neck malignancies. 26 As vorinostat promotes up-regulation and activation of multiple pro-apoptotic factors we believe that down-regulation of FAS, BID and cFLAR could be a compensatory mechanism of CTCL cells in response to treatment. and FOXP3 while it up-regulated FYN, IFNG, IFNGR1, and IL12A suggesting a shift in the balance of T helper cells from Th2 (the phenotype of malignant T cells) to Th1. In our previous study we related the TCR pathway to resistance to treatment with PUVA with or without interferon-α.
2 To our knowledge, this is the first report that identifies the TCR signaling pathway as a target for vorinostat.
T-lymphocytes play a crucial role in the immune response, both as direct effector cells and as regulatory cells that modulate the functions of other cell types. One of the earliest recognizable events after TCR stimulation is activation of LCK (p56lck) and FYN (p59fyn), which results in phosphorylation of tyrosine residues. Subsequently, ZAP70 tyrosine kinase is recruited to the TCR where it is activated by LCK through tyrosine phosphorylation. ZAP70 is a key signaling molecule in T cells, where it couples the antigen-activated TCR to downstream signaling pathways. 28 Once ZAP70 has been activated, LCK and ZAP70 presumably act synergistically to phosphorylate specific downstream substrates, which in turn orchestrate the cytoplasmic signaling cascades leading to T-cell activation. These central roles of LCK and ZAP70 in TCR signal- . 29 The PI3K/AKT pathway is also necessary for the survival of T-lymphocytes through both increased expression of BCL-XL and as a consequence of the role AKT plays in supporting metabolism in proliferating lymphocytes. 30 Activation of ERK in response to TCR stimulation is largely, but not entirely, dependent on ZAP70. 31 We examined the activation of TCR through evaluation of phosphorylation of ZAP70 and its downstream factors such as AKT. Consequently, we observed a reduction in activating phosphorylation of all members including ZAP70 and AKT, confirming that vorinostat inhibits TCR signaling by both down-regulation of the expression of several members of the pathway as well as by phosphorylation of key tyrosine kinases.
Given the broad activity of vorinostat, the inhibition of other kinases affecting T-cell function cannot be excluded. The increase of the SRC family tyrosine kinase FYN, also observed by Peart et al., 32 seems to play an important role in the fine-tuning of TCR signaling. As previously described by Filby et al., 33 FYN phosphorylates several negative regulators of T-cell signaling, suggesting its involvement in terminating TCR signals. On the other hand, another SRC family tyrosine kinase, LCK, is a key initiator of TCR signal transduction and leads to recruitment and activation of ZAP70. 34 Therefore, up-regulation of FYN, correlated with modest (1.5 to 2-fold) down-regulation of LCK and significant decreases in the expression of other important TCR signaling molecules (LAT) following vorinostat treatment, is sufficient to confer inhibition of TCR signaling. This inhibition is reflected in low phosphorylation levels of the central factor of TCR signaling -ZAP70.
In this study, Connectivity Maps were used to identify other molecules that could potentially be used in combination for treatment of patients resistant to PUVA with or without interferon-α. The molecules with the highest scores included the HDAC inhibitors vorinostat and Scriptaid, 35 as well as tanespimycin (17-AAG) and geldanamycin, known anticancer antibiotics that bind HSP90 and have antitumor activity in both leukemias 36 and solid cancers. 37 Furthermore, H-7, a PKC inhibitor, has been found to inhibit tumor cell invasion and metastasis in melanoma cells via suppression of phosphorylated ERK1/2. 38 Additionally, CTCL-derived tumor cells of Th2 phenotype have been shown to be resistant to interferon-α and interferon-g. 39 In this light, molecules identified by Connectivity Map may result in more efficient treatment of CTCL.
Clinical trials of vorinostat, alone or in combination therapy, are on-going and are showing the drug's promising anti-cancer activities in both hematologic and solid tumors. The molecular events underlying the synergistic effect obtained from using vorinostat in combination remain to be fully elucidated; plausibly, it will be found that the mechanisms are dependent on the tumor cell type, specific molecular events and the precise agent added. So far there are only a limited number of reports that have focused on describing the interactions between HDAC inhibitors (including vorinostat) and inhibitors targeting PI3K and all have centered on LY294002. 40 Our current work indicates that a more potent and selective, hence less toxic, inhibitor of PI3K -ETP-45658 -has comparable synergy to LY294002 with vorinostat. Several properties that are critical for therapeutic agents differentiate ETP-45658 from previously tested PI3K inhibitors, including wortmannin and LY294002; 41 the main property is that ETP-45658 is highly selective for class IA PI3K. 22 ETP-45658 is, therefore, an attractive candidate for further clinical studies in combination with vorinostat and other HDAC inhibitors. For the combination of vorinostat and 17-AAG, we observed the opposite effect to that described in human leukemia cells 42 and mantle cell lymphoma. 43 Our data showed that co-administration of vorinostat and 17-AAG resulted in an antagonistic interaction, which could be related to the fact that vorinostat by itself already inhibits expression of HSP90. This result suggests that coadministration of vorinostat and 17-AAG should be avoided in CTCL. Moreover, we observed a correlation between the levels of expression of the targets of the inhibitors used following vorinostat treatment and the effect of the combination. Whenever the molecule targeted by the inhibitor was up-regulated (GSK-3β, PIM), the combination therapy resulted in synergistic or additive interactions. Furthermore, down-regulation of HSP90 (a target of 17-AAG) following vorinostat treatment showed an antagonistic effect of coadministration of 17-AAG with vorinostat. This suggests that inhibitors of genes whose levels increase significantly following vorinostat treatment could be the potential candidates for successful combination therapy.
Our data provide substantial new information improving our knowledge and understanding of the action of vorinostat, and suggest that clinical trials of vorinostat, either alone or in combination, performed in CTCL should evaluate the drug's in vivo effect on the signal transduction of TCR and correlate the results with the treatment response. In addition, our study has several clinical implications. First, PI3K inhibitors, such as ETP-45658, could be used in combination with vorinostat-based therapies; based on our current study, it is anticipated that the combination could be highly effective. Combining vorinostat with PI3K inhibitors is a rational approach to increase cytotoxic effects in CTCL. These results provide proof-of-principle that a comprehensive understanding of the mechanisms of action of vorinostat is central to designing rational combination approaches using HDAC inhibitors.
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